An open reading frame encoding the chitinase gene and its signal sequence was cloned from the Vibrio parahaemolyticus KN1699 genome. An expression plasmid containing the gene was introduced into Escherichia coli cells, and recombinant chitinase (Pa-rChi) was produced and secreted into the culture medium with the aid of the signal peptide. Pa-rChi was purified and its substrate specificity was determined.
Previous studies have confirmed that N-acetyl-Dglucosamine (GlcNAc) affects osteoarthritis recovery by both condroprotective activity 1) and inhibitory effect in inflammatory processes.
2) Moreover, hexa-N-acetylchitohexaose (GlcNAc) 6 , a -(1 ! 4) hexamer of GlcNAc, shows anti-tumor [3] [4] [5] and anti-microbial activity 6, 7) in mice, apparently by enhancing the immunological defense system. These findings have focused attention on GlcNAc and (GlcNAc) 6 as potential agents of arthritis recovery and immunotherapy respectively, and have raised the possibility that chitin oligosaccharides, which are -(1 ! 4) oligomers of GlcNAc, might have physiologically useful functions. Generally, GlcNAc and chitin oligosaccharides are obtained from chitin by hydrolysis using strong acid. Chitin, one of the most abundant of all biomass polysaccharides, is the major component of the shells of crustaceans such as crab and shrimp, the exoskeletons of insects, and the cell walls of fungi. The hydrolysis of chitin by enzymes possessing high product specificity would be more efficient than acid hydrolysis for the production of specific oligosaccharides. Chitinase (EC 3.2.1.14) specifically hydrolyzes chitin to produce chitin oligosaccharides. A number of chitinases have been isolated from bacteria and their properties have been investigated. 8) In addition, the genes encoding a variety of chitinases have been cloned. Based on their amino acid sequences, these chitinases are classified in either glycoside hydrolase (GH) family 18 or 19 (http://afmb. cnrs-mrs.fr/CAZY/), with most bacterial chitinases belonging to GH family 18.
Takiguchi and Shimahara reported high-yield production of (GlcNAc) 2 by means of cultivating the exotype chitinase-producing marine bacterium, Vibrio anguillarum E-383a, in a medium containing colloidal chitin.
9) The production of chitin oligosaccharides by fermentation methods using chitinase-secreting microorganisms is convenient because the enzyme does not need to be extracted from the culture supernatant, and the hydrolytic reaction can be performed effectively due to continuous production and secretion of the enzyme. Previously, we found that chitinase (Pa-Chi) produced by V. parahaemolyticus KN1699, which was isolated from soil collected at a dry beach, hydrolyzes not only colloidal chitin but also powdered crabchitin with high activity to yield di-N-acetylchitobiose (GlcNAc) 2 , 10) but it was not possible to produce (GlcNAc) 2 by cultivating strain KN1699 in medium containing chitin because this strain also secretes chitin oligosaccharide deacetylase, which converts (GlcNAc) 2 to -N-acetyl-D-glucosaminyl-(1,4)-D-glucosamine (GlcNAc-GlcN). Therefore, in order to produce (GlcNAc) 2 from chitin by fermentation using Pa-Chi, we engineered Escherichia coli cells to secrete recombinant PaChi (Pa-rChi). Herein we report the cloning of an open reading frame (ORF) construct of the Pa-Chi gene and its signal sequence, the secretion of Pa-rChi into the culture medium of the transformed E. coli cells, and the purification and substrate specificity of the recombinant enzyme.
The N-terminal amino acid sequence (26 residues) of Pa-Chi 10) showed 100% identity with that deduced from the nucleotide sequence of the V. parahaemolyticus y To whom correspondence should be addressed. Fax: +81-466-84-3951; E-mail: nishio@brs.nihon-u.ac.jp Biosci. Biotechnol. Biochem., 71 (11), [2848] [2849] [2850] [2851] 2007 Note RIMD 2210633 putative chitinase gene (GeneBank accession no., BA000032), 11) suggesting that the nucleotide sequences in the vicinity of the chitinase genes in V. parahaemolyticus KN1699 and RIMD 2210633 genomic DNA are similar. Therefore, PCR forward and reverse primers for cloning the Pa-Chi gene were designed from the ribosome-binding sequence and the ORF consisting of the signal sequence and the chitinase gene in the genomic DNA of strain RIMD 2210633. Strain KN1699 was grown at 28 C with shaking (135 rpm) in 10 ml of half-strength artificial seawater (Sealife salt mixture, Marine Tech, Tokyo, Japan) containing 1% (w/v) peptone and 0.1% (w/v) yeast extract. After cultivation for 15 h, the cells were harvested by centrifugation (6;000 Â g, 10 min), then chromosomal DNA was isolated using an Isoplant II kit (Nippon Gene, Tokyo, Japan). Amplification of the ORF by PCR was performed using 10 ng of the isolated genomic DNA and 10 pmoles of synthetic oligonucleotide primers, 5 0 -CGCGGATCCGAGAGAGAAGTTATGATTCG-3 0 (forward primer) and 5 0 -CCGCTCGAGTTAGTTACAGT-TAGCTACG-3 0 (reverse primer) (underlined letters, BamHI site of the forward primer and XhoI site of the reverse primer; italic letters, non-complimentary nucleotides added). Target PCR products were digested with BamHI and XhoI, and ligated into the BamHI and XhoI sites of pET-21(+) (Novagen, Madison, WI, USA) to give expression plasmid pVP-Chi. When the plasmid was constructed, 6xHis tag sequence was not used. The E. coli DH5 was transformed with this plasmid. After cultivation of the transformants, pVP-Chi was isolated from the cells and used for nucleotide sequence analysis of the Pa-Chi gene by the dideoxynucleotide method. 12) The nucleotide sequence of the gene was determined in both orientations using a ThermoSequenase Fluorescence-labelled primer cycle sequencing kit (GE Healthcare Bio-science, Piscataway, NJ, USA) and an automated DNA sequencer (DSQ-2000L, Shimadzu, Kyoto, Japan). An ORF (GeneBank accession no., AB299855) consisting of 2,544 bp and encoding 848 amino acid residues was found in the PCR product. The recombinant enzyme consisted of 827 amino acids starting from the N-terminal Ala22, and its molecular weight was calculated to be 88,001 Da. This mass is in good agreement with that of purified Pa-Chi.
10) The deduced amino acid sequence of Pa-rChi was highly homologous to several GH family 18 chitinases from Vibrionaceae bacteria: 100% identity with V. alginolyticus H-8 ChiB 13) (GeneBank accession no., AJ292004), 99.8% identity with V. parahaemolyticus RIMD 2210633 Chi, 97% identity with V. alginolyticus 12G01 Chi (GeneBank accession no., AAPS01000021), and 93.1% identity with V. carchariae ChiA (GeneBank accession no., AF323180). 14) As expected, two motifs conserved in the catalytic regions of GH family 18 chitinases, S-x-G-G (amino acid no., 271-274) and x-D-x-x-D-x-D-x-E (amino acid no., 307-315) (E is a catalytic amino acid residue), 15) are present also in Pa-rChi. The carbohydrate binding domain classified in carbohydrate binding module (CBM) family 5 (http://afmb.cnrs-mrs.fr/CAZY/) was observed in the C-terminal region (amino acid no., 797-839) of Pa-rChi. For production of Pa-rChi, E. coli BL21(DE3) was transformed with pVP-Chi, and was then grown in 10 ml of LB medium supplemented with 50 mg/ml of ampicillin at 37 C to an OD 600 of 0.5. Then a 1-ml aliquot of the culture was diluted into 100 ml of fresh medium, and cultivation was continued with shaking (135 rpm) at 37 C to an OD 600 of 0.6. Isopropyl--D-thiogalactopyranoside (IPTG) was added at a final concentration of 1 mM, and the culture was incubated further. Figure 1 shows the time course of chitinase activity in both E. coli cell lysates and the culture medium. Production of chitinase in the E. coli cells began immediately, while its secretion into the culture medium progressed gradually. Chitinase activity in the medium exceeded that in the E. coli lysates after 7 h of cultivation. The SDS-PAGE results show the time course of recombinant protein production in both the E. coli cells ( Fig. 2A) and the culture medium (Fig. 2B) . The protein with a molecular mass of about 90 kDa was confirmed to be the main product in the culture medium, while other proteins secreted by the E. coli cells were present in very low concentrations. Several papers have reported Cultivation time (h) Total activity (U) Fig. 1 . Pa-rChi Production after Addition of IPTG to the Transformed E. coli Culture. Aliquots (7 ml) of the culture broth were withdrawn at the time points indicated and centrifuged (10;000 Â g, 10 min) to harvest the cells and obtain the culture supernatant. Pelleted E. coli cells were suspended in 7 ml of phosphate buffered saline, and then the cell membranes were disrupted by sonication (30 s Â 6, 4 C) to produce the cell lysate. The culture supernatant was dialyzed against 20 mM of sodium phosphate buffer (pH 7.0) for 16 h at 4 C. The enzyme assay was performed according to the method described previously. 10) One unit of chitinase activity was defined as the amount of enzyme required to liberate reducing sugar equivalent to 1 mmol of GlcNAc per min under the assay conditions. , total chitinase activity in lysate of E. coli cells harvested from 100 ml of culture broth; , total chitinase activity in 100 ml of culture supernatant.
the secretion of bacterial recombinant chitinases by E. coli cells, 16, 17) but the present report is the first to describe the secretion of recombinant Vibrionaceae chitinase by E. coli cells.
After cultivation of the transformed cells for 24 h in 400 ml LB medium supplemented with 50 mg/ml ampicillin and 1 mM IPTG, the cells were removed by centrifugation (10;000 Â g, 10 min, 4 C). Proteins in the culture supernatant were precipitated by adding (NH 4 ) 2 SO 4 (80% saturation) and collected by centrifugation (10;000 Â g, 15 min, 4 C). The precipitate was dissolved in 20 mM of sodium phosphate buffer (pH 7.0), dialyzed against the same buffer, and then subjected to ion-exchange chromatography using a DEAE-Toyopearl 650M resin (Tosoh, Tokyo, Japan) column (column size, 2:5 Â 16 cm; elution, linear gradient of 0 to 0.4 M NaCl), resulting in a 4.8-fold purification of Pa-rChi with a total recovery of 75% from the (NH 4 ) 2 SO 4 precipitate. The purified sample gave a single 90-kDa band on SDS-PAGE, identical to purified wild-type Pa-Chi (Fig. 3) . In a previous study, 10.7 U of purified Pa-Chi were obtained from 1 liter of V. parahaemolyticus KN1699 culture fluid by (NH 4 ) 2 -SO 4 precipitation and three rounds of column chromatography. 10) In the present study, three times the amount (31.8 U) of the recombinant chitinase was purified from 400 ml of transformed E. coli culture fluid by (NH 4 ) 2 -SO 4 precipitation and one passage through a chromatographic column. By producing the recombinant enzyme in an E. coli cell culture medium, one can avoid mixing a large amount of other proteins derived from the cells (Fig. 2B) . Therefore, without addition of an affinity tag, Pa-rChi can be purified in a simple process.
Thin-layer chromatography analysis of the chitin hydrolysis product indicated that Pa-rChi liberated only (GlcNAc) 2 from powdered -chitin (Seikagaku Kogyo, Tokyo, Japan) (data not shown). The specific activities of purified Pa-rChi against three types of chitin were as follows: 0.68 U/mg of protein for powdered -chitin (Wako Pure Chemical Industry, Osaka, Japan), 1.43 U/ mg of protein for powdered -chitin, and 1.06 U/mg of protein for colloidal chitin (prepared from powderedchitin according to the method of Shimahara and Takiguchi 18) ). These results indicate that the substrate specificity of Pa-rChi is similar to that of wild-type PaChi.
10) The N-terminal amino acid sequence of Pa-rChi was determined to be APTAPSVDMYGSNNLQFSKIE-LAMET by amino acid sequence analysis using a Perkin Elmer Biosystems model Procise 49X HT protein sequencer, showing that the signal sequence (MIRFNL-CAAGVALALSGAAVA) of the expression product was removed as the protein crossed the E. coli cell membrane. This result indicates that the secretion of ParChi by the E. coli cells was accomplished with the aid of a signal peptide. Lanes 1 and 2 contained purified Pa-rChi and Pa-Chi respectively. Pa-Chi was purified from V. parahaemolyticus KN1699 culture fluid as described previously. 10) Lane M shows molecular mass standards (Promega).
In conclusion, a recombinant chitinase from V. parahaemolyticus KN1699 was overproduced and secreted into the culture medium of transformed E. coli cells. Following purification, the recombinant enzyme was shown to have substrate specificities comparable to the wild-type enzyme. Export of the recombinant chitinase into the culture medium of the transformed E. coli cells with the aid of the signal peptide allowed easy and effective purification of the protein. Further studies using this recombinant strain will attempt effective production of (GlcNAc) 2 from chitin by fermentation.
